Sugars such as glucose are transported into Escherichia coli by a coupled phosphorylation mechanism (the phosphoenolpyruvate:sugar phosphotransferase system, PTS). A mechanism for regulation of cAMP levels by interaction of the adenylate cyclase complex with the PTS does not account for the fact that sugars transported by another general mechanism, driven by the cellular proton motive force (PMF), also lower cAMP levels (6). The studies presented here deal with the mechanism by which such sugars (e.g., lactose) inhibit adenylate cyclase. We present evidence that transport through the lactose permease leads to an inhibition of adenylate cyclase activity, but only under conditions where there is a concomitant proton symport (which decreases the proton electrochemical gradient). In the absence of sugars, PMF can be decreased with a protonophore, which also leads to an inhibition of adenylate cyclase activity.
In Escherichia coli, cyclic AMP (cAMP) levels are controlled mainly by regulation of the expression of adenylate cyclase [ATP pyrophosphate-lyase (cyclizing), EC 4.6.1.11 activity (1) . The system that catalyzes the transport of glucose and some other sugars Ithe phosphoenolpyruvate:sugar phosphotransferase system (PTS) (2)1 plays an important role in controlling adenylate cyclase activity. Models for inhibition of adenylate cyclase activity by PTS sugars have been suggested involving the idea that the fraction of some PTS protein in the phospho form is proportional to the adenylate cyclase activity (3) (4) (5) .
A mechanism for regulation of cAMP levels by interaction of the adenylate cyclase complex with the PTS does not account for the fact that sugars transported by another general mechanism, driven by the cellular proton motive force (PMF), also lower cAMP levels (6) . The studies presented here deal with the mechanism by which such sugars (e.g., lactose) inhibit adenylate cyclase. We present evidence that transport through the lactose permease leads to an inhibition of adenylate cyclase activity, but only under conditions where there is a concomitant proton symport (which decreases the proton electrochemical gradient). In the absence of sugars, PMF can be decreased with a protonophore, which also leads to an inhibition of adenylate cyclase activity.
We propose that adenylate cyclase activity in E. coli is subject to a dual regulation mechanism. Sugars transported by the PTS inhibit adenylate cyclase activity by decreasing the phosphorylation of a regulator protein associated with the PTS; sugars transported by the PMF mechanism inhibit adenylate cyclase activity as a result of the conversion of a factor connected to the energy-transducing system to a deenergized state.
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MATERIALS AND METHODS E. coli were grown in a New Brunswick gyrotory shaker at 370C in salts medium (7) supplemented with 1% nutrient broth or with thiamine (5 ,4g/ml) and lactose (0.1%). At an OD650 of z0.3, they were centrifuged, washed, and resuspended in salts medium. For experiments using toluene-treated cells, the washed cells were resuspended in t1/50 the original volume (protein concentration m2.5 mg/ml). Adenylate cyclase in toluene-treated cells was measured as described (8) . For experiments using intact cells, the cells were resuspended in one-fourth of the original volume (protein concentration -0.2 mg/ml). Adenylate cyclase activity in intact cells was measured by incubating cells suspended in salts medium with any indicated additions at 30'C. At designated times, aliquots were removed and held in a boiling H20 bath for 2 min. After centrifugation, the supernatant solutions were adjusted to pH 4 and cAMP concentrations in the samples were determined (9, 10) . ATP concentrations in such boiled samples were determined as described (11 1100 Biochemistry: Peterkofsky and Gazdar ated by the glucose-specific PTS. The transport of PTS sugars produces inhibition of adenylate cyclase activity (3, 13) . Toluene-treated cells of strain ML308, which constitutively produce lactose permease, f3-galactosidase, and glucose-specific PTS, contain adenylate cyclase that is inhibited by either glucose or lactose (Fig. 1A) . The presence of lactose permease is not necessary for lactose to inhibit adenylate cyclase in toluene-treated cells since strain ML35, a lactose permease mutant, also contains adenylate cyclase that is inhibited by either glucose or lactose (Fig. 1B) . The necessity for the presence of fl-galactosidase activity for demonstrating lactose-dependent inhibition of adenylate cyclase in toluene-treated cells is shown in Fig. 1C. ML308-225, which has only a trace level of f3-galactosidase, contains adenylate cyclase in toluene-treated cells that is almost completely resistant to inhibition by lactose, but that is substantially inhibited by glucose.
We previously showed (13) that a strain deficient in the membrane-bound PTS enzymes II for glucose was unable to catalyze the phosphoenolpyruvate-dependent phosphorylation of glucose and also was insensitive to inhibition of adenylate cyclase by glucose. Fig. ID [ependent on lactose action by IPTG in a strain containing normal lactose permease late cyclase activity in (Fig. 2C ); no such inhibition by IPTG was observed when the cells indicates that these lactose permease is not functional (Fig. 2D ). proton transport is not inhibited by the galactoside (Fig. 3B) .
Proc. Natt. Acad. Sci. USA 76 (1979) Proc. Natl. Acad. Scz. USA 76 (1979) 1101 Evidence that lactose carriers are functional in this strain is provided by the observation that lactose produces essentially complete inhibition of adenylate cyclase (Fig. 3B) . A likely explanation for the inhibition by lactose in this strain is that the process of lactose transport does not affect adenylate cyclase in this strain; however, the action of fl-galactosidase produces glucose which can then exit from the cells and be taken up again by the glucose-specific PTS. As indicated, the process of glucose transport is coupled to inhibition of adenylate cyclase.
Documentation for the notion that lactose uptake by strain ML308-22 produces glucose that is extruded from the cells is shown in Table 1 . The data indicate that, during 1 hr, a steady-state concentration of t25 MM glucose is attained. We previously showed (8) that 10MAM glucose produces essentially complete inhibition of adenylate cyclase in toluene-treated cells.
As seen before (Fig. 3A) , glucose inhibits adenylate cyclase. That the complete inhibition by lactose requires the presence of glucose phosphotransferase comes from a study using a mutant lacking glucose-specific PTS activity (19) . When this strain is adapted to growth on lactose, exposure of cells to lactose produces a partial inhibition of adenylate cyclase while glucose elicits no inhibition (data not shown).
Adenylate Cyclase Is Inhibited by a Protonophore. The data of Fig. 3 suggest that inhibition of adenylate cyclase by thiomethylgalactoside is more directly related to lactose:proton symport than to accessibility of the galactoside to the inside of the cell. Further support for this idea comes from the observation that adenylate cyclase in intact cells is inhibited by the protonophore carbonyl cyanide m-chlorophenylhydrazone (CCCP) (20) (Fig. 4, left) . Although lactose only produces partial inhibition of adenylate cyclase, CCCP leads to complete inhibition. The experiments of Kaback and coworkers (15, 16) indicate that lactose decreases PMF partially, but CCCP almost completely abolishes PMF (21) .
The trivial explanation for the CCCP-dependent inhibition of adenylate cyclase, that ATP levels are lower in the presence of CCCP, is excluded by the experiment shown in Fig. 4 , right.
Here it is seen that the rate of ATP utilization by cells is essentially unaffected by CCCP.
Evidence related to the mechanism by which CCCP inhibits adenylate cyclase comes from a comparison of the dose-response profile for the inhibition of thiomethylgalactoside uptake compared to the inhibition of cAMP accumulation (Fig. 5 ). There is a reasonably close correlation for the effect of CCCP concentration on inhibition of both processes in intact cells; approximately 50% inhibition of both thiomethylgalactoside uptake and cAMP formation is observed at 1 MM CCCP. Inhibition of adenylate cyclase by possible generalized effects of CCCP unrelated to its action as an ionophore are excluded by the data in Fig. 5 . Concentrations of CCCP that substantially inhibit both thiomethylgalactoside uptake and adenylate cyclase in intact cells do not inhibit the uptake of a-methylglucoside. a-Methylglucoside is transported via the PTS, which does not require the presence of an electrochemical proton gradient but does depend on the presence of some membrane-bound proteins. The highest concentration of CCCP tested (4 AM), which completely inhibits both thiomethylgalactoside uptake and cAMP accumulation, stimulates the uptake of a-methylglucoside (22) . Therefore, a general destruction of membrane-dependent processes by CCCP is eliminated.
The data in Fig. 5 also eliminate the possibility that inhibition Figs. 2 and 3 , transport of IPTG or thiomethylgalactoside through the lactose permease leads to a partial inhibition of adenylate cyclase activity. Since a mutant (ML308-22) that has uncoupled proton inflow from the lactose permease shows no inhibition of adenylate cyclase activity by thiomethylgalactoside (Fig. 3B) , we speculate that adenylate cyclase activity in intact cells is partly regulated by PMF. Internalized lactose is converted by ,i-galactosidase to glucose, some of which is released into the medium (Table 1 ) (see Fig. 6 ). A similar exit reaction involving fructose formed from sorbitol has been demonstrated in Bacillus subtilis (23) . Simi It might be speculated that the inhibition of adenylate cyclase activity by thiomethylgalactoside is due to the intracellular accumulation of the acetylated or phosphorylated derivatives of the galactoside (25, 26) . This possibility was eliminated because Kashket and Wilson (26) showed that E. coli phosphorylated thiomethylgalactoside but not IPTG; the studies reported here indicate that both thiomethylgalactoside (Fig.  3) and IPTG (Fig. 2) inhibit adenylate cyclase activity in intact cells. Further, under the conditions (Fig. 3) strong support for the notion that the electrochemical proton gradient influences the activity of adenylate cyclase. Other experiments (data not shown) indicate that effects on adenylate cyclase activity and thiomethylgalactoside uptake similar to those shown in Fig. 5 can be observed with other compounds, such as colicin El (27) and KCN (28) , which decrease the PMF. Furthermore, glucose 6-phosphate, which is symported with protons (16), inhibits adenylate cyclase activity in cells in which the glucose 6-phosphate uptake system is active.
A comparison of adenylate cyclase activity in intact and toluene-treated cells reveals a fundamental difference in the two systems. Toluene treatment of strain ML308-225 cells has little effect on the specific activity. Fig. 5 shows that intact cells have an adenylate cyclase activity of 3050 pmol/mg per hr while toluene-treated cells have a specific activity of 2780 pmol/mg per hr. However, the sensitivity of the enzyme to regulation appears to be different in these two systems. While adenylate cyclase activity in intact cells is inhibited by either PTS or non-PTS sugars, adenylate cyclase activity in toluenetreated cells in inhibited by PTS sugars only. We have considered the likelihood that the activity of the adenylate cyclase catalytic unit may be sensitive to the PMF. While this possibility should not be eliminated from consideration, we favor the involvement of an additional regulatory factor. We suggest that the factor regulating adenylate cyclase activity can be deenergized in intact cells as a result of proton influx. However, toluene treatment of cells may uncouple the proton pump from the factor, thereby freezing the factor in the energized form. As a result, adenylate cyclase is in an active form which cannot be inhibited by compounds that stimulate proton influx, while it can still be inhibited by the alternate mechanism coupled to the PTS.
While the experiments reported here suggest that some factor associated with maintenance of the cellular PMF is important in regulating adenylate cyclase activity, the identity of this protein or other factor remains to be established. It might be a component of the ATPase complex (29) , a portion of the respiratory chain, or some "coupling factor" (30) . While non-PTS sugars do not affect the rate of uptake of PTS sugars, the transport of PTS sugars markedly inhibits the uptake of non-PTS sugars (31) . This interrelation of the two transport systems suggests that the unidentified factor that is involved in that process is the adenylate cyclase regulatory factor.
Emerging studies lend credence to the notion that the adenylate cyclase in eukaryotic systems may also be affected by the electrochemical proton gradient. In Neurospora crassa, treatments that depolarize the plasma membrane increase the levels of cAMP (32) . Studies with cultured thyroid cells suggest that not only does thyrotropin increase cAMP concentrations, but it also hyperpolarizes the cell membrane (33) . The possibility that the PMF may regulate adenylate cyclase activity may therefore be widespread.
